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Introduction {#sec001}
============

Tennis has experienced a significant increase in popularity in recent years, with more than 75 million people participating both, at recreational or professional levels \[[@pone.0152790.ref001]\]. Like almost all athletes, tennis players also perform warm-up routines (WU) prior to formal training and competition. Traditionally, and similar to other sports, tennis-specific WUs have included some active aerobic activities (including running, light calisthenics), static stretching exercises (SS) of the major muscle groups and sport-specific movements incorporating various range of motion exercises with skills-based drills executed at, or just below game intensity \[[@pone.0152790.ref002]\].

Low to moderate intensity aerobic activity is an important element of the WU, increasing muscle temperature which is directly responsible for a number of mechanisms important for short term performance (i.e., range of movement in the joints, increased rate of nerve impulses) \[[@pone.0152790.ref003]\]. In contrast, the SS component of traditional WU (TWU) routines in many sports, including tennis, has demonstrated an acute negative effect on isolate physical performance variables (e.g. vertical jump, sprint, agility) \[[@pone.0152790.ref004], [@pone.0152790.ref005]\]. However, it is still unknown whether the negative effect of SS on maximal muscular performance might remain even when followed by additional sport-specific WU component. In this regard, whereas some studies have reported that the sport-specific component of the TWU attenuated the negative effect of SS on maximal muscular performance \[[@pone.0152790.ref006]--[@pone.0152790.ref009]\], other studies have not reported any damped effect of the sport-specific component \[[@pone.0152790.ref010]--[@pone.0152790.ref012]\].

Parallel to the study of the effects of SS on force and power production, researchers have studied the use of so-called dynamic stretching exercises (DS) in WUs. The DS are basically active aerobic activities combined with sport-specific whole body movements that have been designed to be an extension of the general WU, under the term of "dynamic warm-up" (DWU). In contrast to TWU, evidence exists indicating that DWU induce improvements in strength and power performance \[[@pone.0152790.ref013]\]. Although the exact mechanisms by which DWU may improve strength and power performance are not well known, previous studies have found that DWU exert positive effects on muscular performance via contraction history dependent neuromuscular factors like post-activation potentiation (PAP) and stretch-shortening cycle (SSC) \[[@pone.0152790.ref014]--[@pone.0152790.ref018]\]. PAP is a phenomenon by which muscular performance is acutely enhanced when preceded by maximal or near maximal neuromuscular activation \[[@pone.0152790.ref019]\]. Two mechanisms responsible for PAP induced by DWU have been proposed: a) an increase in the phosphorylation of myosin regulatory light chains \[[@pone.0152790.ref020]\]; and b) increased recruitment of higher order motor units \[[@pone.0152790.ref021]\]. In addition, it has been suggested that DWU may induce a positive effect on the SSC via a greater action potential of the myotatic reflex that may result from the high stretching speed generated during the dynamic movements performed \[[@pone.0152790.ref006]\]. Some studies have examined whether the use of light (ranging from 2% to 15% of body weight) \[[@pone.0152790.ref016], [@pone.0152790.ref022]--[@pone.0152790.ref024]\] and heavy (ranging from 45% to 90% one repetition maximum) \[[@pone.0152790.ref025]--[@pone.0152790.ref027]\] external resistances (e.g. dumbbells, weight vests or barbells) during the DWU could amplify the maximal muscular performance to a greater degree than DWU without external resistances. Several of the above-mentioned studies \[[@pone.0152790.ref022]--[@pone.0152790.ref024]\], although not all \[[@pone.0152790.ref016]\], have found that the use of light external resistances coupled with DWU may not be effective in increasing performance-benefits of DWU through these neuromuscular factors. Contrary to the use of light external resistances, some studies have reported that the use of heavy external residences coupled with DWU may elicit an enhancement in sports performance measures (i.e. jumping height, sprinting times) in a greater extend than DWU without external resistances through these above-mentioned contraction history dependent neuromuscular factors (mainly PAP) \[[@pone.0152790.ref025]--[@pone.0152790.ref027]\]. However, further studies are necessary to confirm these findings and demonstrate theirs practical applications on different sport-related contexts.

These different effects of the TWU and DWU on maximal muscular performance, along with the fact that both WU modalities have demonstrated similar effectiveness to improve joint range of motion \[[@pone.0152790.ref011], [@pone.0152790.ref028]\], have led some International Sports and Fitness Organizations (included the International Tennis Federation \[ITF\]) to recommend that the TWU should be replaced by DWU prior to any sport events \[[@pone.0152790.ref029]\].

However, analysing the body of literature regarding the acute effects of the TWU and DWU on sports performance, some limitations are noted, which should be clarified before recommendations to athletes can be made. For instance, a recent meta-analysis regarding the acute effects of pre-participation SS on muscle performance has pointed out that some of the studies have used overall stretch durations on a single muscle group (i.e., quadriceps, gastrocnemius and hamstrings mainly), ranging from 90s to over 8 min \[[@pone.0152790.ref005]\]. These SS doses per single muscle group are not representative of TWUs used by athletes (including tennis players) to prepare themselves for exercise or competition. Another aspect that should be highlighted is that despite the large number of studies that examined the acute effects of the DWU on muscle performance \[[@pone.0152790.ref006], [@pone.0152790.ref007], [@pone.0152790.ref009]--[@pone.0152790.ref011], [@pone.0152790.ref014]--[@pone.0152790.ref016], [@pone.0152790.ref022]--[@pone.0152790.ref024], [@pone.0152790.ref030]--[@pone.0152790.ref033]\], very few of them have documented the time course of potential performance recovery using non-athletes \[[@pone.0152790.ref034]\] and football players \[[@pone.0152790.ref017]\] as participants. Previous studies have reported that there is a significant inter-individual variability in the PAP phenomenon, so that stronger individuals are able to express higher levels of PAP \[[@pone.0152790.ref020]\]. Furthermore, the total work or load performed during the DWU might also influence the voluntary PAP response because too little work may not trigger the mechanism(s) responsible for PAP whereas too much work may induce high levels of fatigue, thus masking the potentiation effects \[[@pone.0152790.ref017]\]. Consequently, the study of the length of time that any DWU-induced improvement in muscle performance persists should be carried out in athletes with similar sport background (sport modality, level of performance, sex, years of practise) and using sport-specific DWUs in order to minimise the effects of the different individual's strength levels and WU loads on the PAP response. Consequently, the length of time that any DWU-induced improvement in muscle performance persists in tennis players is not well known.

In addition, most of the studies that examined the time course of the dose response effects of the TWU on muscle performance \[[@pone.0152790.ref035]--[@pone.0152790.ref039]\], although not all \[[@pone.0152790.ref040]\], are limited by: (a) the sport-decontextualized SS protocols employed (long single muscle group stretch durations \[ranged from 3 min to 60 min\]; (b) single-muscle protocols \[mainly hamstrings or plantar flexors\]); and (c) muscular performance tests selected (mainly isometric and isokinetic strength). Finally, only two studies have analyzed the acute effects of TWU and DWU in tennis players \[[@pone.0152790.ref031], [@pone.0152790.ref038]\]. Both studies found that adding SS on the general 5-min WU (including active aerobic activities and practise serves and groundstrokes) did not affect serve speed. Furthermore, Gelen et al. \[[@pone.0152790.ref031]\] reported that the use of DS as part of the above-mentioned general WU produced an increase of 1--3% in tennis serve ball speed over WU alone. However, the effect of incorporating a tennis-specific skills and movement patterns component after the SS and active aerobic activities components on serve speed was not assessed in neither of them. In addition, apart from the serve speed, no other tennis-specific performance measures (i.e., sprint, jumping height) were assessed.

Therefore, there is a clear need for applied research studies that analyse and compare the acute and retentive effects of realistic TWU and DWU protocols on sports-specific performance measures. The knowledge about which pre-participation WU modality (TWU or DWU) can optimize better the maximal muscle performance seems to be essential for tennis players, as they must perform high-intensity short-term motor activities (i.e., accelerations, serves and groundstrokes) since the beginning until the end of a match \[[@pone.0152790.ref041]\].

Therefore, the aim of the present study was twofold: (a) to analyse and compare the acute effects of two different WU modalities (TWU and DWU) on physical performance (i.e., jumping, sprint, serve speed and accuracy) in elite junior tennis players; and (b) to monitor the time course of any WU-induced changes after 30 and 60 min of simulated match-play.

Materials and Methods {#sec002}
=====================

Participants {#sec003}
------------

Twelve internationally ranked (top 100 ITF Juniors rankings) male junior tennis players (mean ± SD: age = 16.8 ± 0.3 years; body mass = 73.4 ± 6.4 kg; stature = 182.1 ± 3.2 cm) completed this study. All the players participated on average in 14--16 h of training (i.e., on-court) per week, plus 3.2 ± 0.4 matches per week, including singles and doubles. None of the participants reported any current or ongoing neuromuscular diseases or musculoskeletal injuries and none of them were taking any dietary or performance supplements that might be expected to affect performance during the study. Before any participation, experimental procedures and potential risks were explained fully to the participants, and a written informed consent was obtained from them and their parents/guardians. The Institutional Research Ethics committee (University Miguel Hernandez of Elche \[Spain\]), conformed to the recommendations of the Declaration of Helsinki, specifically approved this study.

Experimental design {#sec004}
-------------------

The study took place at the beginning of the summer competition season (April--May). A counter-balanced crossover-study design, in which participants performed all interventions, was used. Participants visited our laboratory on three occasions, with 2-weeks rest between sessions. The first visit was a familiarisation session, including the different testing procedures and WU exercises, and the following two visits were the experimental sessions.

During each experimental session, participants began by completing one of the two interventions: TWU or DWU, which were counterbalanced per person to avoid carryover effects. The assessments of the (a) jumping height, (b) 20 m sprint time, (c) serve speed and (d) accuracy were carried out before (post-warm-up), during (30´match-play) and after (60´match-play) a 60 min simulated tennis match-play. The order of the tests was consistent through the experimental sessions and is displayed in [Fig 1](#pone.0152790.g001){ref-type="fig"}. Simulated matches were played consecutively.

![Schematic representation of the intervention.](pone.0152790.g001){#pone.0152790.g001}

To reduce the interference of uncontrolled variables, all the participants were instructed to maintain their habitual lifestyle and normal dietary intake before and during the study. The participants were told not to exercise on the day before a test and to consume their last (caffeine-free) meal at least 3 hours before the scheduled test time.

Warm-Up {#sec005}
-------

Each WU intervention lasted about 15--20 min. Aside from the stretching component, each WU followed the exact procedure in both experimental sessions (TWU and DWU), consisting of the following given below. Participants started performing at least a 4--5 min of self-paced general WU consisting of low- to moderate-intensity (self-perceived) running including forward/backwards movements, sidestepping and general mobilization (i.e., arm circles, leg kicks), followed by 10 minutes of a designated stretching routine (SS for TWU or DS for DWU) before completing 6--8 min of tennis-specific intensity activities (e.g., on-court hitting against an opponent performing ground strokes, volleys and serves). Following these stretching routines, participants performed 3 sets of ballistic exercises with a 15 s rest period between each set. Exercises included single hop jumps (5 repetitions), alternate leg bounds (multidirectional x 5 repetitions), service motion throws without a tennis ball (5 repetitions each arm) and short (2--3 m) accelerations and decelerations in different directions (3 repetitions forwards and 5 repetitions side to side).

The rationale of using this WU structure (general aerobic activities + stretching exercises + tennis-specific activities) was to replicate the WU structure that is recommended by the ITF and usually performed by tennis players \[[@pone.0152790.ref042]\].

### Dynamic stretching {#sec006}

Participants performed 6--8 min of DS (i.e., straight leg march, forward lunge with opposite arm reach, forward lunge with an elbow instep, lateral lunge, trunk rotations, multidirectional skippings) performing 3 sets, from low to high intensity, with a 15 s rest period between each set. Each exercise was performed in a controlled manner through a range of motion required in many sports \[[@pone.0152790.ref016]\].

### Static Stretching {#sec007}

The SS routine consisted of exercises designed to stretch the plantar flexors (principally gastrocnemius and soleus), hip flexors (hamstrings), hip extensors (gluteals), hip adductors, quadriceps, posterior shoulder, triceps, shoulder external, pectoralis, deltoid, biceps brachii, and forearm extensors and flexors. Exercises were selected based on previous literature \[[@pone.0152790.ref006], [@pone.0152790.ref007], [@pone.0152790.ref018]\] and performed in similar order. Exercises were repeated 2 times and were performed for 30 s since this is the minimum dosage that has been associated with significant acute decreases in maximum muscular strength and power \[[@pone.0152790.ref005], [@pone.0152790.ref043]\]. A 10-s recovery period between each exercise was given. No rest period was allowed when changing the limb. Stretching intensity was held at the point of discomfort.

Vertical Jumping {#sec008}
----------------

A CMJ without arm swing was performed on a contact platform (Ergojump®, Finland) according to Bosco et al. \[[@pone.0152790.ref044]\]. During the CMJ, the participants first stood upright, then squatted to a self-selected depth of approximately 90° knee flexion, and jumped immediately as high as possible. Players were asked to keep their hands on their hips to prevent the influence of arm movements on vertical jump performance. In addition, players were allowed to perform a countermovement with the lower limbs before jumping.

Each player performed 2 maximal CMJs interspersed with 45 s of passive recovery, and the best height for each was recorded.

20-m sprint {#sec009}
-----------

Owing to its good reproducibility, linear sprint tests ranging from 10 to 30 m are used as general measures of linear acceleration and speed \[[@pone.0152790.ref045]\]. Time during a 20-m dash in a straight line was measured by means of single beam photocell gates placed 1.0 m above the ground level (Time It; Eleiko Sport, Halmstad, Sweden). Each sprint was initiated from an individually chosen standing position, 50 cm behind the photocell gate, which started a digital timer. Each player performed 2 maximal 20-m sprints interspersed with 3 min of passive recovery, and the fastest time achieved was retained.

Serve speed {#sec010}
-----------

A radar gun (Stalker Professional Sports Radar, Plymouth, MN, USA) was used to measure serve speed, following the methods previously described \[[@pone.0152790.ref046]\]. Before each experimental session, the radar gun was calibrated in accordance with the manufacturer's specifications. The radar was positioned on the center of the baseline, 4 m behind the server, aligned with the approximate height of ball contact (\~ 2.2 m) and pointing down the center of the court. Players performed 5 maximum effort serves with approximate the same spin (flat or slice) to the \"advantage\" service box. To be recorded, serves had to be in the service box. The highest speed recorded was used for analysis.

Serve Accuracy {#sec011}
--------------

For serve accuracy, players performed another 5 maximum effort serves with approximate the same spin (flat or slice) to the \"advantage\" service box. The accuracy scores were determined by counting the number of times the ball landed within a designated target perimeter. Target dimensions were designed considering similar methodologies, available resources, through discussion with coaches and athletes and preliminary trials \[[@pone.0152790.ref047]\]. The target area for the serve (1.8 × 1.8 m) was inside the intersection of the service line and the centre line. Participants served from the deuce court and were instructed to "serve first serves flat and down the T" (centre line). Shots landing within target areas were ranked according to a 3, 2, 1, scoring system. Balls landing outside the perimeter of the target areas (i.e., errors) received a 0 score. A total score, expressed as a percentage of the maximum, was recorded for each trial.

Statistical analysis {#sec012}
--------------------

Before data collection, the intra and inter-session reliability of the jumping height, 20 m sprint time, serve speed and accuracy measures was determined using a test-retest design \[[@pone.0152790.ref048]\]. Thus, the same testing procedure that was carried out in the current study was repeated twice at 5-day intervals in 7 elite tennis players, who were not included in the current study. Intra and inter-session intraclass correlation coefficients (ICC~2k~) and coefficients of variation (typical error of measurement expressed as a percentage \[CV\]) were calculated for each measure using the method previously described by Hopkins \[[@pone.0152790.ref049]\].

Means ± standard deviations (SD) were used to describe variables. Data normality and homoscedasticity were confirmed before inferential analysis through Kolmogorov-Smirnov and Levene's test, respectively.

Four factorial (WU intervention and time) repeated measures ANOVAs were used to analyse and compare TWU and DWU responses for each of the three testing moments (post-warm-up vs 30´match-play; post-warm-up vs 60´match-play; 30´match-play vs 60´match-play). Each participant's change score was expressed as a percentage of baseline score (post-warm-up) via analysis of log-transformed values, to reduce bias arising from non-uniformity of error. Errors of measurement and individual responses expressed as coefficients of variation were also estimated. In addition, the analysis determines the chances that the true effects were medium, substantial or trivial when a value for the smallest worthwhile change is entered. Thus, the intra and inter-session CV determined during the pilot study was considered the smallest substantial/worthwhile change for each of the variables for intra and inter-groups comparisons respectively. The experiment-wise type I error rate was set at p \< 0.05 and protected by adjusting the critical p values for each RMANOVA using a Holms correction.

The qualitative descriptors proposed by Batterham & Hopkins \[[@pone.0152790.ref050]\] were used to interpret the probabilities (clinical inferences based on threshold chances of harm and benefit of 0.5% and 25%) that the true affects are harmful, trivial or beneficial: \<1%, almost certainly not; 1--4%, very unlikely; 5--24%, unlikely or probably not; 25--74%, possibly or may be; 75--94%, likely or probably; 95--99%, very likely; \>99%, almost certainly. Effect sizes (ES) were also calculated to determine the magnitude of differences between the groups or experimental conditions for each variable using the method previously described by Cohen \[[@pone.0152790.ref051]\] (i.e., ES of ≤0.4 = small; 0.41--0.7 = moderate; \>0.7 = large magnitudes of change, respectively).

Results {#sec013}
=======

Reliability {#sec014}
-----------

Excellent intra- and inter-session reliability scores were demonstrated for all the performance measures analysed (ICC \> 0.80 and CV \< 5--10%) \[[@pone.0152790.ref037]\]. The intra and inter-session CV for each performance measure ranged from 1.5% to 4.9% and from 1.7% to 5.1% respectively, with ICC scores higher than 0.85 in both cases ([Table 1](#pone.0152790.t001){ref-type="table"}).

10.1371/journal.pone.0152790.t001

###### Intra e inter-sessions reliability statistics (typical percentage error \[CV~TE~\] and intraclass correlation coefficient \[ICC~2,k~\]) for each performance measure.

![](pone.0152790.t001){#pone.0152790.t001g}

  Measure            Intra-session reliability   Inter-session reliability                              
  ------------------ --------------------------- --------------------------- -------------------------- -----------------------
  CMJ height         0.96 (from 0.93 to 0.98)    1.9 (from 1.2 to 3.4)       0.95 (from 0.93 to 0.97)   2.1 (from 1.2 to 3.7)
  20 m sprint time   0.92 (from 0.90 to 0.93)    1.5 (from 0.5 to 2.2)       0.91 (from 0.89 to 0.93)   1.7 (from 0.2 to 2.5)
  Serve speed        0.92 (from 0.90 to 0.95)    2.8 (from 1.3 to 6.0)       0.92 (from 0.91 to 0.94)   3.3 (from 1.1 to 6.7)
  Serve accuracy     0.90 (from 0.68 to 0.93)    4.9 (from 1.3 to 7.9)       0.87 (from 0.82 to 0.91)   5.1 (from 1.4 to 8.7)

CMJ: countermovement jump; m: meters

Acute Effects of Warm-up Protocols {#sec015}
----------------------------------

[Table 2](#pone.0152790.t002){ref-type="table"} shows the mean and standard deviation for the physical qualities analysed among testing moments and separated by experimental conditions (TWU and DWU). The inter-group comparisons for each variable in all testing moments are also displayed in [Table 2](#pone.0152790.t002){ref-type="table"}. Thus, the DWU routine reported significantly faster 20 m sprint times, higher CMJs as well as faster and more accurate tennis serves scores at both post WU and 30 min match-play testing moments in comparison with the scores reported by the TWU routine (p \< 0.05; negative effects with a probability of \>75--99%; d = 0.20--1.03). The highest differences were reported at post-warm up testing moment for all the variables analysed (p \< 0.05; % changes ranged from 2.8 to 11%). In both testing moments, the serve speed and accuracy measures showed the highest differences (%e changes = 2.8--4.0% \[p \< 0.05; likely negative with a probability of \>75--95%; d = 0.60--1.03\] and 4--11% \[p \< 0.05; likely negative effects with a probability of \>75--95%; d = 0.29--0.83\] respectively), whereas the lowest differences were reported for the 20 m sprint time (% changes = 1.6--3.9% \[p \< 0.05; possible positive effects with a probability of \>75--95%\]). No significant inter-group differences were found at 60-min match-play testing moment in any variable (except for the 20 m sprint time values).

10.1371/journal.pone.0152790.t002

###### Jumping height, 10 and 20 m sprint times, serve speed and serve accuracy descriptive statistic and mean percentage changes between stretching conditions (static versus dynamic) at each of the three testing moments (post warm-up, 30´match-play and 60´match-play).

Qualitative inference and likelihood (%) of being positive/ trivial / negative of the effects are also shown.

![](pone.0152790.t002){#pone.0152790.t002g}

  Testing moments                                                   Static stretching   Dynamic stretching   \% Change (Mean ±90 CL)   Effect Size (d)   Chances that the true effects were substantial[^a^](#t002fn003){ref-type="table-fn"} (%)             
  ----------------------------------------------------------------- ------------------- -------------------- ------------------------- ----------------- ------------------------------------------------------------------------------------------ ----- --- ----------------------
  **Post warm-up**                                                                                                                                                                                                                                            
      Jumping height (cm)                                           41.5 ±3.3           42.7 ± 3.3           -2.8 (-3.9 to 1.7)        -0.35             88                                                                                         12    0   Likely positive
      20 m sprint time (s)[^t^](#t002fn006){ref-type="table-fn"}    3.11 ±0.11          2.99 ±0.10           3.9 (2.8 to 4.9)          1.06              100                                                                                        0     0   Most likely positive
      Serve speed (km/h)                                            181.2 ±6.9          188.7 ±6.9           -4.0 (-5.1 to -2.9)       -1.03             88                                                                                         12    0   Likely positive
      Serve accuracy[\*](#t002fn002){ref-type="table-fn"}           53.8 ±8.1           60.1 ±8.1            -11 (-17.4 to -4.2)       -0.83             99                                                                                         1     0   Very likely positive
  **30´match-play**                                                                                                                                                                                                                                           
      Jumping height (cm)                                           41.3 ±3.2           42.7 ± 3.3           -3.3 (-4.3 to 2.2)        -0.40             96                                                                                         4     0   Very likely positive
      20 m sprint time (s)[^t^](#t002fn006){ref-type="table-fn"}    3.04 ±0.08          3.00 ±0.10           1.6 (1.0 to 2.3)          0.43              43                                                                                         57    0   Possible negative
      Serve speed (km/h)                                            182.7 ±5.6          188.0 ±7.1           -2.8 (-3.7 to -1.8)       -0.68             34                                                                                         66    0   Possible positive
      Serve accuracy[\*](#t002fn002){ref-type="table-fn"}           63.5 ±6.6           66.6 ±9.2            -4.3 (-9.6 to 1.3)        -0.29             66                                                                                         32    2   Possible positive
  **60´match-play**                                                                                                                                                                                                                                           
      Jumping height (cm)                                           42.2 ±3.9           42.4 ±3.9            -0.3 (-0.6 to 0.0)        -0.03             0                                                                                          100   0   Most likely trivial
      20 m sprint time (s) [^t^](#t002fn006){ref-type="table-fn"}   3.04 ±0.08          3.00 ±0.11           1.4 (0.7 to 2.1)          0.35              21                                                                                         79    0   Possible positive
      Serve speed (km/h)                                            188.2 ±7.1          188.4 ±6.5           -0.1 (-0.6 to 0.4)        -0.03             0                                                                                          100   0   Most likely trivial
      Serve accuracy[\*](#t002fn002){ref-type="table-fn"}           62.1 ±8.2           64.5 ±8.4            -3.7 (-9.3 to 2.3)        -0.26             15                                                                                         85    0   Likely trivial

CL: confidence limits

\*: The total score expressed as a percentage of the maximum (100%).

± 90% CL: add and subtract this number to the mean effect to obtain the 90% confidence limits for the true difference.

a Substantial is an absolute change in performance of \> 2.1%, 1.7%, 3.3% and 5.1% for measures of jumping height, sprint time (10 and 20 m), serve speed, serve accuracy and serve score respectively for passing accuracy (see [Methods](#sec002){ref-type="sec"}).

b If chance of benefit and harm both \>5%, true effect was assessed as unclear (could be beneficial or harmful). Otherwise, chances of benefit or harm were assessed as follows: \<1%, almost certainly not; 1--5%, very unlikely; \> 5--25%, unlikely; \>25--75%, possible; \>75--95%, likely; \>95--99%, very likely; \>99%, almost certain.

^t^: For the 20 m sprint time variable, a negative effect must be considered as an increase in the sprint performance.

Time-Course of Warm-up Effects {#sec016}
------------------------------

Effects of TWU and DWU routines on CMJ, 20 m sprint time, serve speed and accuracy throughout the three different testing moments are presented in [Fig 2](#pone.0152790.g002){ref-type="fig"}. For the TWU routine, no meaningful differences (when the chances of benefit or harm were considered at least "likely" with a probability of \>75--95%) were found for paired comparisons between consecutive testing sessions (30´match-play vs Post-WU; 60´match-play vs 30´match-play) in all the variables analysed (except for the 20 m sprint time and serve score variables in the 30´match-play vs Post-WU paired comparison). However, there were significant differences in all variables between the post-WU and 60 min match-play testing moments so that better scores were reported at 60 min match-play testing moment (p \< 0.05; main effects with a probability of \>75--95%; d = 0.33--0.91). For the DWU, no significant differences were found for paired comparisons between consecutive (30´match-play vs Post-WU; 60´match-play vs 30´match-play) and non-consecutive (60´match-play vs Post-WU) testing sessions in CMJ, 20 m sprint time and serve speed values. However, a likely positive effect was found between the 30´match-play and Post-WU testing moments and between post-warm-up and 60 min match-play testing moments for the serve accuracy scores.

![Time-course of warm-up effects.\
\*: The total score expressed as a percentage of the maximum (100%).](pone.0152790.g002){#pone.0152790.g002}

Discussion {#sec017}
==========

The primary findings of the present study showed that performing a DWU routine including active aerobic activities, DS and tennis-specific skills led to higher jumping heights, faster sprint times as well as superior serve performance compared with a TWU routine with SS followed by tennis-specific skills. In addition, the results also showed that the differences between interventions (i.e., TWU vs. DWU) appeared to be more evident immediately after the WU (change: from 3.9% to 11% \[very likely negative\]; d: from 0.49 \[small\] to 1.1 \[large\]) and were gradually reducing their magnitude throughout the simulated match-play until disappearing at 60 min of the game. Although from a statistical point of view the magnitude of these differences could be considered small in almost all performance measures (i.e. % change \< 5%, except for serve accuracy variable measured post warm up), these changes could be considered as relevant for tennis performance. Since margins between winning and losing in tennis are very small, fractions of a second in a short sprint prior to the ball hitting or loss of centimetres in jump height during a service may be essential components of tennis tasks and contribute to competent performances \[[@pone.0152790.ref052]\].

Our findings are not consistent with the few previous studies that have investigated the acute effects of different WU modalities (i.e. TWU and DWU) on specific explosive qualities (sprint and jumping), showing that practice attempts of the required tasks or sports specific dynamic movements may offset some of the potential negative effects of SS when included prior to dynamic movements \[[@pone.0152790.ref006]--[@pone.0152790.ref009], [@pone.0152790.ref053]\]. These studies have suggested that this "damping phenomenon" could be due to the fact that the sport-specific dynamic movement's component of the WU included activities with very similar neuromuscular and energetic requirements to those needed to successfully perform in the tests, which might have helped to mask any likely negative effects from the SS component. A possible explanation for these conflicting results could be attributed to the amount of SS performed. Although methodologies are consistent in the use of short overall SS durations per muscle group (\< 60s), the present study included SS for both the upper and lower extremities in an attempt to accurately reflect a typical tennis-specific WU, in contrast to previous studies that only stretched the muscles located on the lower extremity \[[@pone.0152790.ref006]--[@pone.0152790.ref009], [@pone.0152790.ref017], [@pone.0152790.ref053]\]. An acute bout of SS may reduce muscle activation via peripheral (autogenic inhibition of the Golgi tendon reflex, mechanoreceptor and nociceptor afferent inhibition) and central nervous system (supraspinal fatigue) mechanisms, not only in the stretched muscle but also in the un-stretched contralateral muscle (via central nervous system mechanism) \[[@pone.0152790.ref035], [@pone.0152790.ref054]\]. Therefore, the higher stretching stimuli applied to the central nervous system in our study might have been large enough to produce transitory alterations in the supraspinal mechanisms that could have not been totally compensated by the sport-specific dynamic movements component, explaining the conflicting results found.

Another important finding of the current study is that the physical performance measures obtained by the DWU intervention were stable throughout the 60 min of simulated match-play (linear tendency), suggesting a transitory negative effect of the TWU routine on performance. As the current study design did not contemplate a control group, this last-mentioned suggestion should be considered as a hypothesis based on the previously reported literature results.

Transitory negative effects of the SS on muscular performance have also been reported in previously studies. For example, Mizuno et al. \[[@pone.0152790.ref039]\] found that static 5-min stretching caused an immediate decrease in maximal isometric plantar flexor strength that lasted for 10 min. Fowles et al \[[@pone.0152790.ref034]\] observed significant reductions in plantar flexor strength that continued for 60 minutes after termination of the 30-min stretch protocol. The results of the current study in conjunction with those previously reported suggest that the deficits of SS on maximal muscular performance are disabled in a 30--60 min time range after stretching. Therefore, whether SS is essential before a tennis match-play (some athletes might feel less ready when SS is omitted from the WU), coaches and players should ensure that stretching occurs at least 30 min before the match. A number of mechanisms have been suggested to explain this performance decreases associated with SS interventions, including alterations in the mechanical components of skeletal muscle contraction \[[@pone.0152790.ref055]\], decreases in muscle activation \[[@pone.0152790.ref013], [@pone.0152790.ref054]\]; or a combination of both, mechanical and neural factors \[[@pone.0152790.ref056]\].

Serve performance measures (speed and accuracy) showed the largest percentage reductions after the TWU routine (4 and 11% for speed and accuracy, respectively) and at 30 min of match-play (3 and 4% respectively), compared to the DWU. These findings have very important implications regarding the design of effective WU strategies in tennis, as the serve has been considered the most stable and predictable measure of on-court tennis performance and therefore, essential to achieve high levels of performance \[[@pone.0152790.ref032]\]. Present results are not consistent with previous research conducted with moderate trained tennis players (teenage and college players) showing that SS routines had no acute effect on serve performance when carried out before aerobic exercises and without the inclusion of any sport-specific skill activities after \[[@pone.0152790.ref031], [@pone.0152790.ref038]\]. These discrepancies may be related, apart from the obvious differences in the WU design, to the different SS volume. While the current study stretched the major muscle groups of the upper and lower extremities, the previous studies only stretched the muscles of the upper extremity, which might have the same implications to the central nervous system previously mentioned. Nevertheless, negative or no-effects are not positive evidence for including SS in preparation for high-level tennis serve performance, a clear argument that there is no prospective evidence of benefit to include SS in preparation for tennis in most players.

To the best of our knowledge this is the first study the time-interval of the negative effects of a TWU intervention on the physical performance of elite junior tennis players in a simulated match-play situation, and unfortunately, comparisons are not possible.

Although this is the first study analysing the acute effects of two different WU modalities (TWU and DWU) on physical performance in elite junior players before, during and after 60 min of simulated match-play, some limitations should be noted. The study did not analyse the effects of the pre-participation WU designed for this study without the stretching component, we are not able to know if the DS component by itself could have had any positive effect on the physical performance. However, previous studies have reported significant improvements in jumping height, sprinting times and serve speed when a WU with a DS component was compared to a WU without any stretch component \[[@pone.0152790.ref007], [@pone.0152790.ref030], [@pone.0152790.ref031]\]. Another limitation is the small sample size given the participants were elite players. In addition, the amount and intensity of the movements (i.e. lateral, jumping, cuttings manoeuvres) and groundstrokes performed by the players in each simulated match-play were not registered and perhaps the dynamic nature of a match-play may have biased the results. However, we tried to minimize the possible effect of the dynamic nature of the match-played on the results through randomizing the order of the intervention and by using a crossover design.

In conclusion, the findings of the present study showed that the use of DS as a part of tennis-specific WU results in superior performance levels (i.e., jump, sprint time, serve speed and accuracy) before and during a 60 min simulated match-play, compared to the same WU routine with SS instead of DS in these elite junior male tennis players. In addition, the results found that these negative effects of using SS routines after a tennis-specific WU can last for almost 30 min of a simulated competitive situation.

Practical Applications {#sec018}
======================

In young elite tennis players, a 15 min WU routine, combining a cardiovascular activation followed by DS and tennis-specific skills exercises, should be recommended in order to achieve high specific performance levels (i.e., serve speed). It seems important to suggest that, especially at young ages, coaches and strength and conditioning specialists should educate the players in order to be able to distinguishing between the routine used for improving flexibility (i.e., SS during the training sessions, matches, etc.) and the one used as part of the WU process, targeting to activate the muscle groups involved in a specific performance task \[[@pone.0152790.ref030]\]. Moreover, the use of different WUs with DS routines, combining different volumes (e.g., 2--3 sets) and intensities, as well as athletes of different levels (e.g., under U14 vs. U16) warrants future studies.
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